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Abstract 
Degradation of the main plant polymers was investigated after white and brown-rot fungal decay 
of wood under environmental conditions. The chemical changes produced in the plant cell-wall 
were analyzed in situ by solution nuclear magnetic resonance (NMR) at the gel state, and 
analytical pyrolysis. 2D-NMR of the white-rotted wood showed only cellulose and (deacetylated) 
hemicellulose, and the complete removal of lignin. On the other hand, the brown-rotted wood 
showed the nearly complete absence of polysaccharides, while the main aspects of lignin 
structure, as revealed by 2D-NMR, were conserved. These included well-resolved aromatic and 
side-chain cross-peaks, although the intensity of the latter was lowered indicating a reduction in 
the number of side-chain linkages (β-O-4' and resinol) per aromatic unit. These results contrast 
with a recent study reporting extensive ligninolysis in brown-rot decay, and concluding that the 
aromatic polymer remaining is not longer recognized as lignin. Here, some oxidative alteration of 
lignin during brown-rot decay was evidenced and, more interesting, several compounds with 3-
methoxycatechol skeleton were released upon pyrolysis. Lignin demethylation is consistent with 
recent brown-rot transcriptomic/secretomic studies showing overexpression of methanol oxidase, 
which could use lignin-derived methanol to generate the peroxide required for cellulose 
depolymerization via Fenton chemistry. 
1. Introduction 
White-rot fungi are the only living organisms being able to degrade (mineralize) lignin in wood, 
thus opening up the plant cell-wall. In most cases, lignin removal parallels polysaccharide 
degradation. However, a few white-rot species are able to remove lignin without a significant loss 
of polysaccharides (Otjen et al. 1986). Brown-rot fungi have developed a different strategy being 
able to degrade most of the wood cellulose and hemicelluloses leaving the lignin. Due to these 
characteristics, both white-rot (Watanabe 2007) and brown-rot fungi (Schilling et al. 2009) are 
attracting attention as models for two strategies of wood attack. Interestingly, the model white-
rot fungus Phanerochaete chrysosporium was the first basidiomycete whose genome was 
sequenced (Martínez et al. 2004), and the Postia placenta genome has been recently sequenced 
as a model brown-rot fungus (Martínez et al. 2009). These models are of biotechnological interest 
in lignocellulose biorefineries, for the sustainable production of chemicals, materials and fuels 
from renewable plant resources (Ragauskas et al. 2006).  
Elucidating the mechanisms of biological degradation of lignin is a difficult task due to its complex 
structure and association to cell-wall polysaccharides. Multi-dimensional nuclear magnetic 
resonance (NMR), provided new tools for the analysis of complex macromolecules, like lignin. In 
fact, several new lignin substructures were for the first time detected using 2D-NMR (Zhang et al. 
2006). Moreover, studies with ionic liquids and other strong solvents have recently shown the 
possibility to analyze plant polymers in situ (Lu et al. 2003; Yelle et al. 2008a) overcoming the 
isolation problem. In the present work, Eucryphia cordifolia wood extensively degraded by the 
white-rot fungus Ganoderma australe and by an unidentified brown-rot fungus under 
environmental conditions (Martínez et al. 1991) were analyzed by 2D-NMR and analytical 
pyrolysis of the whole material. For heteronuclear single quantum (HSQC) NMR, a method 
swelling ground samples in deuterated dimethylsulfoxide (DMSO-d6) and forming a gel in the 
NMR tube (Rencoret et al. 2009; Kim et al. 2008) was used. Analytical pyrolysis, a convenient tool 
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for the rapid analysis of lignin, was performed both in the absence and in the presence of 
tetrabutylammonium hydroxide (TBAH) (del Río et al. 1996). 
2. Materials and Methods 
Samples of E. cordifolia wood naturally degraded by white and brown rot basidiomycetes were 
collected at the Chilean rain forest, dried, milled and characterized in terms of their main 
constituents and other chemical analyses (Martínez et al. 1991; 1995).  
Solution HSQC spectra of finelly ground wood (approximately 100 mg) forming a gel in DMSO-d6 
(0.75 mL) were acquired on a Bruker AVANCE 500 MHz, processed, and cross-peaks assigned by 
comparing them with previously reported data, and used for semiquantitative analysis of lignin 
units and inter-unit linkages, as described elsewhere (Rencoret et al. 2009). 
Pyrolysis-gas chromatography/mass spectrometry was performed (using approximately 1 mg of 
sample) in the absence (Py-GC/MS) or in the presence of TBAH (Py/TBAH), and the compounds 
identified, as described by del Río et al. (1996). 
3. Results and discussion 
3.1 Divergent white and brown-rot patterns as shown by wood NMR at the gel state  
Figure 1 shows the HSQC 2D-NMR spectra of the sound, white-rotted, and brown-rotted woods 
(obtained at the gel stage in DMSO-d6). The spectrum of sound wood showed both lignin and 
polysaccharide cross-peaks. However, the spectrum of the white-rotted wood showed the 
presence of only polysaccharide moieties and the absence of lignin moieties. In addition to lignin 
removal, this spectrum also indicated the simultaneous disappearance of mannans (M1 and M'2) 
uronic acids (U1 and U4) and a reduction of the xylan content with the complete disappearance of 
its (C2 and/or C3) acetylated units (X'1, X'2 and X'3 cross-peaks). The above results indicate a parallel 
removal of the lignin and hemicelluloses by G. australe in such a way that the final material was 
enriched in cellulose and deacetylated hemicellulose. 
The HSQC spectrum of the brown-rotted wood showed a totally divergent degradation pattern, 
characterized by the absence of practically all the polysaccharide moieties, while only the lignin 
polymer was present. The NMR analysis indicated that this polymer was not drastically modified 
by the brown-rot fungus, all the typical cross-peaks of lignin remaining visible. This included well-
resolved cross-peaks of β-O-4' (A) and resinol (B) side-chains together with strong aromatic peaks 
of syringyl (S) and guaiacyl (G) lignin units, whose relative intensities are apparently not strongly 
affected (Table 1). A small increase of oxygenated moieties was produced as evidenced by the 
intensities of the corresponding cross-peaks (E and S'). Two new aromatic cross-peaks (MC' and 
MC) were found, being assigned to aromatic structures from demethylation/demethoxylation of S 
units. In addition to the new aromatic units, which represented 14% of lignin units (Table 2), and 
the absence of p-hydroxyphenyl (H) units, the brown-rot spectrum also showed a small increase 
of the S/G ratio.  
3.2 Side-chain linkages and methoxyl removal in brown-rot decay 
The relative abundances of the main lignin linkages remained largely unchanged after brown-rot 
decay, as mentioned above. However, a comparison of the methoxyl cross-peaks and lignin side-
chain (involved in β-O-4', β-β' and other linkages) on an aromatic unit basis (Table 1), indicates 
near 20% depletion of methoxyls and around 45% depletion of the above linkages (30% on a 
methoxyl basis). In contrast, Yelle et al. (2008b) reported a depletion of more than 70% of the 
lignin side-chain linkages (on a methoxyl basis) in Picea glauca degraded in vitro with the brown-
rot Gloeophyllum trabeum. In fact, some of the lignin side-chain peaks, which are clearly visible in 
the HSQC spectrum of the brown rotted E. cordifolia wood (Figure 1c), were hardly detectable in 
the HSQC spectrum of the G. trabeum rotted wood. Therefore, these authors concluded that 
extensive ligninolysis (i.e. degradation of lignin inter-unit linkages) is produced by brown-rot fungi 
yielding  a  material  that  is  not  longer  recognized  as lignin. The above contrasts with the typical 
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Figure 1. 2D-NMR (HSQC) spectra of E. cordifolia wood (at the gel state): a) Sound wood; 
b) Wood after selective white-rot decay; and c) Wood after brown-rot decay. The main 
lignin substructures and units are also shown: (A) β-O-4'; (B) resinol; (C) phenylcoumaran; 
(D) spirodienone; (E) Cα-oxidized A; (G) guaiacyl unit; (S) syringyl unit; (S') Cα-oxidized S (R, 
lignin or OH; R', H or lignin); (MC) 5-hydroxyguaiacyl (R, H) or 5-aryl-ether-guaiacyl unit (R, 
lignin ring); (MC') Cα-oxidized MC unit (R', lignin or OH; R'', H or lignin).  
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lignin spectrum reported here (Fig. 1c). The atypical decay pattern reported by Yelle et al. (2008b) 
cannot be due to a more extensive decay, since the weight loss was similar to that found on E. 
cordifolia wood (62-64%). Differences between laboratory and field conditions, the latter resulting 
in more selective brown-rot removal of polysaccharides, could explain the above discrepancies, 
more than the type of wood or the fungal species. 
Table 1. Abundances of lignin side-chain linkages and methoxyl groups, as per aromatic unit 
(and as percentage of total side-chains, in parenthesis), in the sound and brown-rotted E. 
cordifolia wood (calculated from the 2D-NMR spectra). 
 Sound wood Brown-rotted wood 
Linkage abundance:   
β-O-4' (A) 0.82 (83) 0.44 (80) 
Resinols (B) 0.11 (12) 0.07 (12) 
Phenylcoumarans (C) 0.02 (2) 0.01 (2) 
Spirodienones (D) 0.02 (2) 0.00 (0) 
Cα-oxidized β-O-4' (E) 0.01 (1) 0.03 (6) 
Methoxyl content 2.77 2.24 
 
Table 2. Ratio of unmodified (H, G and S) and demethylated S-type (MC) lignin units 
(MC/[MC+S] is shown in parentheses) in the sound and brown-rotted E. cordifolia wood, as 
estimated from 2D-NMR, Py-GC/MS and Py/TBAH analyses 
 H:G:S:MC ratio (S demethylation as %) 
 Sound wood Brown-rotted wood 
2D-NMR 0:24:76:0 (0%) 0:17:69:14 (18%) 
Py-GC/MS 3:25:68:4* (5%) 3:21:62:12* (16%) 
Py/TBAH 2:25:72:0 (1%) 2:23:69:6 (8%) 
*Small amounts of demethylated G units were also found by Py-GC/MS of sound 
(1%) and brown-rotted (2%) woods 
 
3.3 Analytical pyrolysis to confirm lignin demethylation in brown-rot decay 
To obtain more detailed insight into the chemical modifications of the lignin structure during 
fungal decay, the sound and rotted wood samples were subjected to Py-GC/MS. The white-rotted 
wood (pyrogram not shown) released polysaccharide-derived compounds with only traces of 
lignin-derived phenols being present. As shown in Fig. 2, the pyrogram of the brown-rotted wood 
included predominantly phenolic compounds derived from the lignin moiety, confirming the 
polysaccharide removal shown by NMR, while that of the sound wood showed compounds arising 
from both the polysaccharide and lignin moieties (data not shown). In both samples, S and G-type 
phenols were released, with a predominance of the former and similar distribution pattern, 
together with minor H-type phenols. An increase in the abundances of syringic acid (peak 48) and 
other phenolic acids was observed confirming that some oxidative alteration of lignin side-chains 
occurred during brown-rot decay, as shown by NMR. In addition, increased abundances of 5-
hydroxyguaiacyl type compounds were released upon Py-GC/MS of the brown-rotted. Among 
them, 3-methoxycatechol (peak 10) and its 5-methyl derivative (peak 16) were the most abundant. 
These compounds can directly derive from demethylated (i.e. 5-hydroxy) S moieties. However 
similar compounds will also be obtained if, after initial demethylation, pyrolysis-labile aryl-O-aryl 
ether linkages are formed, as suggested above (see MC and MC' units in Fig. 1), as a result of the 
phenoloxidase activity of brown-rot fungi. 
Lignin demethylation during brown-rot decay was also investigated by Py/TBAH (pyrograms not 
shown) and the ratio between the different types of aromatic compounds deriving from the 
typical  H,  G  and  S  lignin  units,  as well as from the MC-type units discussed above, are shown in  
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Table 2 after both Py-GC/MS and Py/TBAH analyses of the brown-rotted and the sound wood. 
These data agree with those obtained from 2D-NMR, also included in Table 2 (although the minor 
H units are probably below the detection level of 2D-NMR). The increased occurrence of 3-
methoxycatechol type Py-GC/MS compounds, and the detection of similar diagnostic compounds 
after Py/TBAH (being absent from the sound wood) clearly indicates that some demethylation of 
lignin occurred during brown-rot decay, in agreement with the classical work of Kirk (1975). As 
mentioned above, lignin demethylation would results in new phenolic units that could experiment 
new oxidation reactions during fungal attack resulting in new aryl-O-aryl ether linkages by radical 
coupling. 
3.4 Wood rotting in the light of recent genomic/transcriptomic information 
The recent sequencing of the first brown-rot fungal genome (Martínez et al. 2009) has provided 
new clues about how this decay process takes place. The above discussed lignin demethylation 
could play a central role since it releases methanol, and the secretomic and transcriptomic studies 
associated to the brown-rot genome have shown that methanol oxidase genes are overexpressed 
when the fungus degrades cellulose. In the light of the information currently available, it is 
therefore possible to infer that brown-rot fungi most probably produces H2O2 using methanol as 
the reducing substrate of methanol oxidase. Then, H2O2 would be reduced to hydroxyl radical by 
ferrous iron formed in hydroquinone redox-cycling (Suzuki et al. 2006) or by other enzymatic 
mechanisms. The hydroxyl free radical would be the main agent responsible for the oxidative 
depolymerization of cellulose, since a reduced number of cellulases (but a variety of 
hemicellulases) has been found in the brown-rot fungal genome (Martínez et al. 2009). At the 
same time it promotes partial demethylation of lignin, a reaction that has been proved using 13C-
TMAH thermochemolysis (Arantes et al. 2009). 
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Figure 1. Py-GC/MS of E. cordifolia wood after brown-rot fungal decay. The chemical 
structures of the main lignin demethylation product (peak 10) and its counterpart in 
unmodified lignin (peak 15) are shown. Main peaks: 4, guaiacol; 7, 4-methylguaiacol; 8, 
catechol; 10, 3-methoxycatechol; 13, 4-vinylguaiacol; 15, syringol; 16, 5-methyl-3-methoxycatechol; 
18, vanillin; 20, 4-methylsyringol; 22, trans-isoeugenol; 28, 4-ethylsyringol; 30, 4-vinylsyringol; 32, 
4-allylsyringol; 36, cis-4-propenylsyringol; 37, syringaldehyde; 40, trans-4-propenylsyringol; 41, 
homosyringaldehyde; 42, acetosyringone; 43, coniferaldehyde; 44, syringylacetone; 47, 
propiosyringone; 48, syringic acid; and 50, trans-sinapaldehyde.  
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